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A Mathematical Model for the Initial Corrosion Rate of a Porous 
Layer on a Rotating Disk Electrode 

William E. Ryan and R. E. White* 
Department of Chemical Engineering, Texas A&M University, College Station, Texas 77843 

S. L. Kelly* 
The Dow Chemical Company, Texas Applied Science and Technology Laboratories, Freeport, Texas 77541 

ABSTRACT 

A mathemat ical  model  is presented for the initial corrosion rate of a porous layer on a rotating disk electrode. The 
model is used to predict the corrosion potential and corrosion current density for a porous electrode made of pure iron in 
aerated caustic solutions. The dependence of these predictions on some of the properties of the porous layer is presented. 
It is shown that the corrosion rate depends significantly on the specific surface area of the porous electrode. 

Conduct ing porous layers on electrodes are often used 
as e lec t rocata lys ts  or suppor ts  for e lectrocatalysts .  The 
cor ros ion  of these layers can lead to the loss of the 
e lec t rocata lys t ;  to s tudy this, a s teady-sta te  mathemat -  
ical mode l  for the init ial  corrosion rate of a conduc t ing  
porous layer on a rotating disk electrode (RDE) has been 
developed and is reported here. 

P rev ious  porous  e lec t rode  models  have been pre- 
sented and are reviewed by Newman and Tiedemann (1). 
Simpli fying assumptions have been used in the develop- 
ment  of some of the models (2-4) to obtain analytical ex- 
pressions. For example,  Ksenzhek (2) solved analytically 
the equa t ion  for an infini tely th ick  e lec t rode  mode l  in 
which he assumed that the ohmic potential  drops in both 
the  solut ion and mat r ix  phases were  negligible.  Also, 
Gurevich  and Bagotzky (3) developed a complicated ana- 
lytic solut ion for porous  diffusion e lec t rodes  by us ing 
s impl i fy ing  assumpt ions .  Van Zee and White (4) devel-  
oped a one-dimensional  analytic expression for flow past 
a porous  e lec t rode  by inc lud ing  an ex te rna l  mass- 
transfer coefficient in the governing equation.  

Grens and Tobias (5) and Grens (6) examined  the con- 
sequences  of  the several  c o m m o n  s impl i fy ing  assump- 
t ions used in mode l ing  porous  e lec t rodes  and found 
many to be severely restrictive. Some of those that were 
cons idered  to be poor  are the assumpt ions  of  infinite 
e lec t rode  th ickness ,  un i form concen t ra t ion  or conduc-  
t ivi ty of pore filling electrolyte,  and negl igible  potent ial  
gradient  in the pores. [Austin (7), on the other hand, reas- 
serted the value of simplifying assumptions as useful in 
ob ta in ing  good approx ima t ions  for l imi ted  si tuations.  
However,  he did uphold that theoretical  t reatments  that  
neg lec t  in ternal  mass t ransfer  are in error.] The mode l  
p resen ted  below does not  have these  l imi t ing  assump-  
tions. However,  it does have others such as the solid ma- 
trix of the porous layer is assumed to be isopotential  (i.e., 
the porous layer is assumed to be infinitely conductive),  
as discussed further below. 

A large body of l i terature exists which deals with theo- 
ret ical  descr ip t ions  of corrosion in e lec t rochemica l  sys- 
tems, al though none deal specifically with the analysis of 
conduct ing porous layers, as was pointed out recently by 
Chang and Pren t ice  (8). In their  case, the corros ion of 
zinc was of concern  and the abil i ty to predic t  the local 
pH of the solution prompted  their study. The model  pre- 
sen ted  below is more  comprehens ive  than  theirs  s ince 
they assumed that  a single pore model  could be used to 
descr ibe a porous layer. 

Several  models  have been proposed for the determina- 
t ion of local ized corrosion rates for a smooth  RDE. 
Vahdat  and Newman  (9) and Law and N e w m a n  (10, 11) 
sugges t  a m e c h a n i s m  for iron pass iva t ion  and demon-  
strate how the But le r -Volmer  kinet ic  rate equa t ion  can 
be used to account  for this phenomena  on the RDE sur- 
face. However,  their  approach neglects the effect of ionic 
migrat ion of charged species, 

*Elec1:rochemical Society Active Member. 

Model Development 
The mode l  is deve loped  by presen t ing  a summary  of 

the  assumpt ions ,  a descr ip t ion  of the mode led  regions,  
the govern ing  equa t ions  and assumpt ions  for each re- 
gion, and finally the boundary conditions. 

S u m m a r y  of assumpt ions . - -The  major  assumpt ions  
used  in the d e v e l o p m e n t  of the mode l  are: one spatial  
coord ina te  (y), di lute  solut ion theory,  s teady-state,  no 
h o m o g e n e o u s  chemica l  react ions,  i sopotent ia l  mat r ix  
phase  (solid phase) in the porous  layer, smooth  porous  
e lec t rode /e lec t ro ly te  interface,  no convec t ion  in the po- 
rous layer, constant porosity and thickness of the porous 
layer, and no potential  drop between the reference elec- 
t rode lead and the solution at the luggin tip. 

Description of modeled regions.--A schematic of a typi- 
cal exper imenta l  apparatus for a RDE with a thin porous 
layer is shown in Fig. 1. As shown there, a Luggin capil- 
lary is p laced as close as possible  to the cen ter  of the 
RDE.  This allows the reference  e lectrode,  a sa turated 
calomel  electrode (SCE), to detect  the solution potential  
near the working electrode at a known distance (y = YRE) 
f rom the e lec t rode  surface. Two regions are inc luded  in 
the model,  as shown in Fig. 2: the diffusion layer and the 
porous  e lec t rode  layer. The model  equa t ions  are differ- 
ent in each region, as explained below. 

Governing equations and assumpt ions--d i f fus ion  
layer.--The flux of species i in the solution in the diffu- 
sion layer is due to migration, diffusion, and convect ion 

Ni = -z~u,FciVdP - D,Vc~ + vc~ [1] 

where  the ionic mobil i ty ,  uL, is a ssumed to be given by 
the Nernst-Einstein equat ion 

Di 
u~ = [2] 

RT 

The concentrat ion of each o f n  species is governed by the 
material  balance equat ion 

ac~ 
- - V . N i + R ,  [ 3 ]  

at 

and the condit ion of electroneutral i ty 

zici = 0 [4] 
i 

is used as the governing equat ion for ~. 
Several  assumptions are used to simplify the material  

ba lance  express ion.  First,  the system is taken  to be at 
s teady state with no homogeneous  chemical  reactions in 
the di f fus ion layer. Thus, ac~/at = 0 and Rk = 0 in Eq. [3]. 
Next,  it is assumed that t ransport  occurs only in the axial 
direct ion (i.e., y-direction), and that the veloci ty  compo- 
nent  in the axial direction depends, only on the distance 
from the porous electrode surface 
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Fig. 1. Schematic of rotating disk electrode experimental cell 

v y =  -a 'Yl  V - -  ( y -  YPE)~ [5] W 

for y > YPE, and 

v~ = 0 [6] 

for  y -< YPE, a c c o r d i n g  to the  no slip c o n d i t i o n  (at y = YPD 
and  t h e  a s s u m p t i o n  tha t  t h e r e  is no c o n v e c t i o n  w i t h i n  
t h e  p o r o u s  layer .  Also ,  i t  s e e m s  r e a s o n a b l e  to t r e a t  t he  
p o r o u s  r e g i o n  as a s m o o t h  su r f ace  for  cases  w h e r e  t h e  
s u r f a c e  a rea  is m o s t l y  in te rna l .  Th i s  m a y  n o t  be  a g o o d  
a s s u m p t i o n  for  r o u g h  sur faces .  C o m b i n i n g  Eq.  [1], [2], 
[3], and  [5] y i e ld s  t h e  g o v e r n i n g  e q u a t i o n  for  spec i e s  i 
w i t h i n  the  d i f fus ion  layer  

z~D~F ( d2CP dci dOP ) 
RT c~ dy ~ + dy dy 

+ Di d2ci ~ -  dc, 
- -  + a'~l (y - 5pE)~" ~ = 0 [7] dy 2 ay 

Rotating Disk "":1 

Current Colleetor ""i 

I"N 

?i!il 

q.Zl 

iii:I 

y=O y=y~z 

Diffus ion Layer Bulk Solut ion 

y 
F y=yxE 

Cl~Ci,bulk 

Fig. 2. Schematic of a porous layer on a rotating disk electrode 

Governing equations and assumptions--porous elec- 
trode layer.--In t he  p o r o u s  e l e c t r o d e  reg ion ,  mac ro -  
scop ic  p a r a m e t e r s  are used  to de sc r ibe  t he  layer  w i t h o u t  
r e g a r d  to t he  ac tua l  g e o m e t r i c  de ta i l  o f  t he  p o r e  s t ruc-  
t u re  (1, 12, 13). Two  p a r a m e t e r s  are  usefu l  in de f in ing  av- 
e rage  quan t i t i e s  for cha rac t e r i z ing  t r anspor t  p h e n o m e n a  
in t he  porous  layer:  poros i ty ,  e, and  the  MacMul l in  n u m -  
ber  for the  porous  e l ec t rode  layer  (14), NM.PE 

NM.,~ = ~/~ [8] 

w h e r e  v r ep r e sen t s  the  to r tuos i ty  of  t he  po rous  layer.  
To a c c o u n t  for  t he  n o n h o m o g e n e o u s  s t r u c t u r e  of  t he  

porous  mat r ix ,  ave rag ing  is app l i ed  w i th in  a v o l u m e  ele- 
m e n t  t h r o u g h o u t  t he  p o r o u s  layer .  T h e  c o n c e n t r a t i o n  
pe r  un i t  v o l u m e  of  e l ec t ro ly te  of  a spec ies  i is g iven  by c~. 
T h e  superf ic ia l  concen t r a t ion ,  ec~, r ep r e sen t s  t he  ave r age  
c o n c e n t r a t i o n  pe r  to ta l  un i t  v o l u m e  i n c l u d i n g  the  so l id  
m a t r i x  and  t h e  e l e c t r o l y t e  o c c u p y i n g  the  spaces  w i t h i n  
t h e  ma t r ix .  E l e c t r o c h e m i c a l  r e a c t i o n s  are  d e s c r i b e d  in 
t e r m s  of  i n d i v i d u a l  r e a c t i o n  c u r r e n t  dens i t i e s ,  j j, in am-  
p e r e s  pe r  s q u a r e  c e n t i m e t e r  o f  e l e c t r o a c t i v e  area.  T h e  
v a l u e  o f  Ji is a f u n c t i o n  of  p o s i t i o n  w i t h i n  t he  p o r o u s  
layer.  The  e l e c t r o c h e m i c a l  reac t ion  rate  can  be re la ted  to 
t h e  v o l u m e  of  t he  p o r o u s  l aye r  by m u l t i p l y i n g  jj by  t h e  
e l e c t r o a c t i v e  spec i f ic  su r f ace  area  a: all. I n t e g r a t i o n  of  
ajj o v e r  t he  t h i c k n e s s  of  the  porous  layer  y ie lds  t he  aver-  
age superf ic ia l  cu r r en t  dens i ty  for the  po rous  layer  ij (i.e., 
t h e  c u r r e n t  for  r e a c t i o n  j d i v i d e d  by t h e  p r o j e c t e d  geo-  
me t r i c  su r face  area  of  the  porous  e l ec t rode  layer). 

Within  the  porous  layer,  the  ma te r i a l  ba lance  e q u a t i o n  
is f o r m u l a t e d  in t e rms  of  ave rage  quan t i t i e s  and inc ludes  
a r e a c t i o n  ra te  t e r m  w h i c h  a c c o u n t s  for  loca l  e l ec t ro -  
c h e m i c a l  reac t ions ,  R'~ 

O(ec0 
- -  - V - N ~ + R ~ +  R ' ~  [ 9 ]  

c)t 

The  a s s u m p t i o n s  of  s t eady  state wi th  no h o m o g e n o u s  re- 
ac t ions  as s ta ted  ear l ier  are stil l  m a i n t a i n e d  so that  c)c/Ot 
and  R, in Eq.  [9] are  e q u a l  to zero.  T h e  po ros i ty ,  
M a c M u l l i n  n u m b e r ,  and  p o r o u s  l aye r  t h i c k n e s s  are  also 
a s s u m e d  to be  cons tant ;  c o n s e q u e n t l y ,  ~e/~t = O. With the  
a s s u m p t i o n  tha t  t h e r e  is no  c o n v e c t i v e  f low w i t h i n  t h e  
po rous  layer,  the  flux of  spec ies  i w i th in  the  porous  layer  
is 

w h e r e  

ziDi.eF 
Ni - R . ~  c,Vq~ - D~,eVci [10] 

DI 
Di,. - [11] 

NM.PE 

C o m b i n i n g  Eq. [10] and [11] w i th  the  mate r ia l  ba lance  ex-  
p r e s s ion ,  Eq.  [9], s u b j e c t  to t h e  a s s u m p t i o n s  m e n t i o n e d  
a b o v e ,  t h e  g o v e r n i n g  e q u a t i o n  for spec i e s  i w i t h i n  t he  
porous  e l ec t rode  layer  b e c o m e s  

ziDiF ( d2~ dci ddP ) 
NM,pzRT ci dy - - ~  + dy dy 

D~ d'-'ci 
+ - -  + R'~= 0 [12] 

N ~ .~,~: d y 'z 

The  p r o d u c t i o n  rate  of  each  spec ies  i due  to all e lec t ro-  
c h e m i c a l  reac t ions  is g iven  by (14) 

.VR 

R'i = - a  E sl~jj [13] 
j njF 

w h e r e  NR the  total  n u m b e r  of  e l e c t r o c h e m i c a l  react ions .  
T h e  loca l  c u r r e n t  d e n s i t y  d u e  to e l e c t r o c h e m i c a l  reac-  
t i on  j ( re la t ive  to t he  loca l  e l e c t r o a c t i v e  su r f ace  area) at 
e a c h  p o i n t  w i t h i n  t h e  p o r o u s  layer ,  Ji, is a s s u m e d  to be  
g iven  by the  B u t l e r - V o l m e r  e q u a t i o n  (15) 
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f a. jF 
e x p \  RT [ ( V -  

w h e r e  

e x p l  RT [ ( V - , : I : , -  

i \ Ci .data  / 

�9 n ~ F  , \ p,, / j  

o r  

[14] 

[15] 

-- UORE n R E F  . s,~ In \ Po /J 

n j F  i \ P,, /J 

I t  is a s s u m e d  h e r e  tha t  r e a c t i o n  o rde r  cons t an t s ,  p~ and  
qt~, a re  re la ted  s imp ly  to s~ 

P~ = sij qiJ = 0 if  s,j > 0 
[17] 

p ~ = O  q~j=-s~j  i f  s~ j<0 

Also,  t he  c o n c e n t r a t i o n  d e p e n d e n c e  o f  the  e x c h a n g e  cur-  
ren t  dens i ty  exponen t s ,  7~j, is a s s u m e d  to be re la ted  to s~j 
in a cons i s t en t  way  

and 

C~ajSlj 
~ i j  = PiJ  --  - -  [18] 

n j  

~-cJSij 
~hJ = qij + - -  [19] 

nj 

E q u a t i o n  [14] s h o w s  tha t  t he  loca l  c u r r e n t  d e n s i t y  de- 
p e n d s  u p o n  t h e  d i f f e r e n c e  b e t w e e n  t h e  p o t e n t i a l  of  t h e  
m a t r i x  phase  o f  t h e  po rous  e lec t rode ,  V ( a s sumed  he re  to 
be  a constant) ,  and t h e  po ten t i a l  of  the  so lu t ion  j u s t  adja- 
c e n t  to the  pore  surface,  ~(y) for (0 -< y -< YPF.), re la t ive  to 
t he  e q u i l i b r i u m  po ten t i a l  for r eac t ion  j e v a l u a t e d  at ref- 
e r e n c e  concen t ra t ions ,  Uj�9 

I t  is u s e f u l  to n o t e  tha t  for  t he  l o g a r i t h m i c  c o n c e n t r a -  
t i on  t e r m s  in Eq.  [16] t he  ra t io  c~/po is in un i t s  of  m o l / k g  
for  s o l u t e  spec ies .  Also ,  for d i s s o l v e d  gases  (e.g., dis- 
s o l v e d  o x y g e n )  t h e  r e f e r e n c e  pa r t i a l  p r e s s u r e  o f  t he  gas  
a b o v e  the  solu t ion ,  P~.ref, shou ld  appea r  exp l i c i t l y  in Uj.ref 
and  the  rat io  of  the  par t ia l  p r e s su re  of  the  gas at the  reac-  
t i on  s i te  r e l a t i v e  to a r e f e r e n c e  par t i a l  p r e s s u r e  s h o u l d  
appea r  as a mu l t i p l i e r  t e r m  in Eq.  [14]. Here  Po2.r~f = 1 a tm  
so it  does  no t  appea r  in Eq.  [16]; and,  because  the  mul t i -  
p l ie r  t e r m  appea r s  as a rat io it  is r e a sonab l e  to rep lace  it  
by  the  d i s so lved  gas c o n c e n t r a t i o n  rat io  [19] 

P i  Ci 
- [ 2 0 ]  

P i , r e f  Ci,ref 

A l t h o u g h  the  w o r k i n g  e l e c t r o d e  po t en t i a l ,  V, is as- 
s u m e d  to be  c o n s t a n t  e v e r y w h e r e  w i th in  the  sol id  m a t r i x  
of  the  po rous  layer,  the  so lu t ion  potent ia l ,  ep, is a s s u m e d  
to be  a func t i on  of  y. There fore ,  the  cu r r en t  dens i ty  pre- 
d i c t ed  by the  B u t l e r - V o l m e r  k ine t ic  express ion ,  Eq.  [14], 
also d e p e n d s  on y. 

A v a l u e  for  t he  a v e r a g e  supe r f i c i a l  c u r r e n t  dens i ty ,  ij 
(i.e., c u r r e n t  r e l a t i v e  to t h e  p r o j e c t e d  p l a n a r  a rea  of  t he  
p o r o u s  e l ec t rode  layer), is found  by in t eg ra t ing  the  local  
v o l u m e  ave rage  cu r r en t  dens i ty ,  ajj 

ISj =YPE 
ij = ajjdy [21] 

=0 

Boundary Conditions 
The bulk conditions are simply that the concentration 

of each species is equal to its bulk concentration at the 
reference electrode Luggin tip 

c i ( Y R E )  = e l . bu lk  [22] 

and  the  so lu t ion  po ten t i a l  is set  at a f ixed va lue  

CP(yRE) = aPRE [23] 

The  va lues  used  for Ci.huLk m u s t  of  course  sat isfy the  elec- 
t r oneu t r a l i t y  condi t ion�9  At  t he  e l ec t rode  b a c k i n g  plate  or 
c u r r e n t  c o l l e c t o r  (y = 0), t he  b o u n d a r y  c o n d i t i o n  is t ha t  
t he  f lux of  each  spec ies  i is zero 

N, = 0 [24] 

This  is due  to the  a s s u m p t i o n  that  the  porous  layer  back-  
ing  is sol id and no spec ies  d i f fuses  into,  is depos i t ed  on, 
or  is d i s so lved  away  f rom the  subs t ra te  itself.  This  w o u l d  
h a v e  to be  c h a n g e d  for a d i s so lv ing  subst ra te .  The  condi -  
t ion  of  e l ec t roneu t r a l i t y  is also a s s u m e d  to ho ld  at y = 0. 

E zici = 0 [25] 
i 

At  t h e  b o u n d a r y  b e t w e e n  t h e  two  r e g i o n s  t he  e lec t ro -  
neu t ra l i t y  cond i t i on  holds  and the  flux of  each  spec ies  i 
a c ros s  t h e  p o r o u s  e l e c t r o d e - e l e c t r o l y t e  i n t e r f a c e  is con-  
t i nuous  

S i : l p  . . . . . . . . .  ~ion = Nilaiff,~i,,, , . . . .  [26] 

Solution Technique 
The above equations can be solved by using a finite dif- 

ference method [16] to obtain concentration and poten- 
tial profiles throughout the modeled region (diffusion 
layer and porous electrode layer). These values can then 
be used to determine local volume average current den- 
sities, ajj, throughout the porous layer using the Butler- 
Volmer expression, Eq. [14]. These local volume average 
current densities can be integrated over the entire po- 
rous layer to yield a superficial current density for each 
reaction by applying Simpson's rule to Eq. [21]. From 
this result, the total current density can be found by 
summing the superficial current densities due to the in- 
dividual reactions 

i T  = E ij [27] 
i 

I t  is w o r t h  n o t i n g  tha t  th is  v a l u e  for iT is e q u a l  to t h e  
va lue  tha t  is ob t a ined  for iT by  us ing  N e w m a n ' s  expres -  
s ion  for  t he  to ta l  c u r r e n t  d e n s i t y  in an  e l e c t r o l y t i c  solu-  
t ion  (1) 

i T = F  E ziNi [28] 
1 

a p p l i e d  at  t he  e l e c t r o d e - e l e c t r o l y t e  i n t e r f a c e  (y = YPE)�9 
B o t h  of  t he se  e x p r e s s i o n s  (Eq. [27] and  [28]) y ie ld  iT = 0 
d u r i n g  the  co r ros ion  p rocess  s ince  no ne t  cu r r en t  dens i t y  
ex i s t s  du r ing  corros ion.  In  o the r  words ,  at the  co r ros ion  
p o t e n t i a l  t h e  to ta l  c u r r e n t  d e n s i t y  e q u a l s  zero,  and  the  
ra te  of  me ta l  ox ida t ion  is equa l  to the  ra te  of  o x y g e n  re- 
duc t ion .  

Results and Discussion 
The initial corrosion rate of a porous layer on a rotating 

disk electrode can be predicted by using the model set 
forth above. The utility of this model can be demon- 
strated by considering the oxidation of iron accom- 
panied by the reduction of oxygen in an aerated caustic 
solution 

Fe --~ Fe 2+ + 2e- [29] 

02 + 2H20 + 4e- -* 4 OH- [30] 

This case is considered here to illustrate the dependence 
of the corrosion rate of iron on changes in the porous 
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Table I. Fixed physical parameters 

Parameter Value 

T 298.15 K 
377 s -~ (3600 rpm) 

p,, 1 x 10 -:~ kg/cm :~ 
v 9.72 x 10 -:~ cm'qs 
NM,pF: 2.0 
YR~: 0.02 cm 
V 0.0 V 
U~ ~ 0.242V 

Saturated calomel reference electrode. 

Table II. Kinetic and thermodynamic fixed parameters 
for a porous iron layer on a RDE 

Reaction j ~,j (x., n~ j.~.~at~(AJcm z) U~ e (V) 

1 1 1 2 1.10 x 10-" [Ref. (10)]  -0.440 
2 3 1 4 1.24 • 10 ~ [Ref. (9)] 0.401 

s t r u c t u r e  ( s p e c i f i c  s u r f a c e  a r e a  a n d  p o r o u s  l a y e r  t h i c k -  
n e s s ) .  T h e  r e s u l t s  o f  c h a n g i n g  t h e  c a u s t i c  c o n c e n t r a t i o n  
[16] a r e  a l so  p r e s e n t e d .  F o r  c o n s i s t e n c y  in  n o m e n c l a t u r e ,  
t h e  m e t a  1 o x i d a t i o n  r e a c t i o n  (Eq .  [29]) c a r r y s  a r e a c t i o n  
i n d e x  j = 1, a n d  t h e  o x y g e n  r e d u c t i o n  r e a c t i o n  (Eq.  [30]) 
is r e f e r r e d  to  b y  t h e  i n d e x  j = 2. 

Behavior of Iron Porous Electrode Layer 
T h e  f i x e d  p a r a m e t e r s  u s e d  a r e  g i v e n  in  T a b l e s  I - I I I .  

T h e  v a l u e  g i v e n  in  T a b l e  I I  fo r  t h e  e x c h a n g e  c u r r e n t  d e n -  
s i t y  f o r  o x y g e n  r e d u c t i o n  (io2.~t~) w a s  o b t a i n e d  f r o m  
V a h d a t  a n d  N e w m a n  (9) b y  u s i n g  t h e  f i r s t  e q u a t i o n  be-  
l o w  t h e i r  Eq .  [18] w i t h  U = 1.229V (as g i v e n  b y  t h e m  be-  
l o w  t h e i r  Eq .  [15]), ~r = 1.0, a n d  T = 298.15 K. T h i s  v a l u e  
is  p r o b a b l y  t o o  l ow ,  b u t  it w a s  u s e d  a n y w a y  to i l l u s t r a t e  
t h e  c a p a b i l i t y  o f  t h e  m o d e l .  I n  fact ,  o n e  m a y  w a n t  to  u s e  
t h e  m o d e l  t o g e t h e r  w i t h  d a t a  a n d  a p a r a m e t e r  e s t i m a t i o n  
t e c h n i q u e  to  d e t e r m i n e  a v a l u e  f o r  io~.,,~. T h e  d i f f u s i o n  
c o e f f i c i e n t s  in  T a b l e  I I I  w e r e  c h o s e n  a r b i t r a r i l y .  S o l u t i o n  
c o n c e n t r a t i o n s  w e r e  v a r i e d  a c c o r d i n g  to  t h e  v a l u e s  p re -  
s e n t e d  in  T a b l e  IV.  R e f e r e n c e  v a l u e s  fo r  c o n c e n t r a t i o n s  
w e r e  t a k e n  to  b e  t h e  b u l k  c o n c e n t r a t i o n s ,  a n d  E q .  [15] 
w a s  u s e d  to  c o r r e c t  t h e  e x c h a n g e  c u r r e n t  d e n s i t i e s  ac-  
c o r d i n g l y .  

T y p i c a l  c o n c e n t r a t i o n  p r o f i l e s  f o r  f e r r o u s  i o n  a n d  d is -  
s o l v e d  o x y g e n  at  t h e  c o r r o s i o n  p o t e n t i a l  a n d  c u r r e n t  
d e n s i t y  a r e  s h o w n  in Fig .  3. D u r i n g  c o r r o s i o n ,  o x y g e n  is 
t r a n s p o r t e d  f r o m  t h e  b u l k  to t h e  p o r o u s  i r o n  l a y e r  w h e r e  

Table III. Component reaction orders and transport 
properties for a porous iron layer on a RDE 

CI, dala 
Component  i z, s ,  sr~ Di (cmVs) (mol/cm :~) 

Na + +1 0 0 2.084 x 10 -s 1.0 x 10 -.) 
OH -1  0 4 5.260 x 10 s 1.0 x 1O TM 

O2 0 0 -1 1.900 x 10 -r, 1.0 x 10 -7 
Fe +~ +2 -1  0 1.500 x 10 -s 4.0 • 10 :~ 

Table IV. Parameters for 1.0, O. 1, and 0.01M caustic solutions 
for a porous iron layer on a RDE 

Z 

6 

2 0 . 0  ' , ' ) ' t 

18 .0  i 

1 8 . 0  

1 4 . 0  

12,0 

10 .0  

0.0 

electrode-electrolyte  

[ / interface 

Cot/Cot.tel 
f 

1.10 

1.08 

1.06 

1 . 0 4  

1.02 

0 
M 

1.00 

0 , 9 8  O~ 

o.9e o 

0.0( 2 

, o 
0 . 9 2 ~  

0.00 

0.88 

0 . 0 6  

k 0 . 8 4  

OFe*t/eFe~ 0 . 8 2  

0 . 0  _ , I , I , I ~ I , I , I , I - , I , 0 . 0 0  
0.0  0.1 0.2 0.3  0.4 0.5 0 .6  0.7 0 .8  0 ,9  1.0 

Dimens ion less  Length, (Y/YRz) 

Fig. 3. Concentration profiles of the maior reactants at the corrosion 
potential for a porous iron layer on a RDE in 1.0M NaOH where a = 
200 cm -1, SeE = 0.005 cm, YRE = 0.02 cm, and (V - ~R~) = 0.555V. 

i t  d i f f u s e s  to  r e a c t i v e  s i t e s  w i t h i n  t h e  p o r o u s  l a ye r .  F e r -  
r o u s  i o n s  a r e  t r a n s p o r t e d  t h r o u g h  t h e  e l e c t r o d e  a w a y  
f r o m  r e a c t i v e  s i t e s  a s  t h e y  a r e  f o r m e d .  A t  t h e  p o r o u s  
e l e c t r o d e - e l e c t r o l y t e  i n t e r f a c e  a c h a n g e  is  s e e n  J.n t h e  
s l o p e  o f  b o t h  t h e  o x y g e n  a n d  f e r r o u s  c o n c e n t r a t i o n  
c u r v e s .  T h e s e  c h a n g e s  in  s l o p e  a r e  d u e  to  t h e  b o u n d a r y  
c o n d i t i o n  g i v e n  b y  E q .  [26] w h i c h  s e t s  t h e  f l ux  o f  e a c h  
s p e c i e s  o n  t h e  e l e c t r o l y t e  s i d e  o f  t h e  b o u n d a r y  e q u a l  to  
t h e  f lux  o f  t h a t  s p e c i e s  w i t h i n  t h e  p o r o u s  layer .  S i n c e  t h e  
d i f f u s i o n  c o e f f i c i e n t  o f  a s p e c i e s  w i t h i n  t h e  p o r o u s  l a y e r  

-0. '~ 

~* - 0 . 4  

c~ 
~9 

-O~0 
I 

<----- Uoo, 

i o l , r e f  

~.0. 

Solution 1.0M NaOH 0.1M NaOH 0.0IM NaOH 

Component  i c,.,.,.f(mol/cm :~) c,.,.,.r(rnol/cm :~) c,.,.,<(mol/cm.~) 

Na + 0.99998 x 10 -:~ 0.9998 x 10-' 0.998 x 10 
OH- 1.00 x 10 -:~ 1.00 x 10 -4 1.00 x 10 ~ 
02 [ReE (30)] 0.96 • 10 " 1.34 • 10 -~; 1.39 x 10 " 
Fe +2 1.00 x 10 -~ 1.00 x 10 -~ 1.00 x 10 ~ 

U,.,.,.r(V) -0.8299 0.8299 -0.8299 
U2.,,,f(V) 0.1590 0.2182 0.2773 

i,,~.,.~.r(A/cm ~) 1.739 x 10-" 1.739 x 10-" 1.739 x 10 " 
i,z.,~,.r(AJcm ~) 6.736 x 10 ~T 8.680 x 10 -~X 8.904 x 10 "* 

- 1 . 0  
- J O , 0  - 8 . 0  - 0 . 0  - 4 , 0  - 2 . 0  0 . 0  2 . 0  4 . 0  

log jcurrent density in A/era21 

Fig. 4. Behavior of a porous iron layer on a rotating disk electrode in 
1.0M caustic at a rotation speed of 3600 rpm and o specific area, a = 
200 cm -1 where Br~. = 0.005 cm. 
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is s m a l l e r  t h a n  i t s  b u l k  v a l u e  (see  Eq.  [11]), t h e  c o n c e n -  
t r a t i o n  g r a d i e n t  of  a s pec i e s  m u s t  b e  l a r g e r  in  t h e  p o r o u s  
l a y e r  to  c o m p e n s a t e  for  i t s  s m a l l e r  d i f f u s i o n  c o e f f i c i e n t  
t he re .  T h e  flat  a p p e a r a n c e  of  t he  c o n c e n t r a t i o n  prof i les  a t  
t h e  e l e c t r o d e  b a c k i n g  p l a t e  is d u e  to  t h e  b o u n d a r y  cond i -  
t i o n  at  y = 0 t h a t  s t a t e s  t h a t  t h e  f lux of  s pec i e s  i is e q u a l  
to  zero  at  t h a t  po in t .  

F i g u r e  4 s h o w s  a t y p i c a l  p r e d i c t e d  c u r r e n t - p o t e n t i a l  
p lot .  Reca l l  t h a t  t h e  m o d e l  is of  t h e  p o t e n t i o s t a t i c  t y p e  so 
t h a t  t h e  p o t e n t i a l  d r i v i n g  fo rce ,  V - ~RE, r e p r e s e n t s  t h e  
d i f f e r e n c e  b e t w e e n  t h e  p o t e n t i a l  of  t h e  w o r k i n g  e lec-  
t rode ,  V, a n d  t h e  s o l u t i o n  p o t e n t i a l  a t  t h e  r e f e r e n c e  e lec-  
t rode ,  g)RE. T h i s  q u a n t i t y  is t he  p o t e n t i a l  w h i c h  w o u l d  b e  
m e a s u r e d  or  se t  in  a n  e x p e r i m e n t a l  cell. T h e  c u r r e n t  den -  
s i ty  v a l u e s  s h o w n  in  Fig. 4 w e r e  d e t e r m i n e d  a c c o r d i n g  to 
Eq.  [14] a n d  [21]. A t  t h e  c o r r o s i o n  po t en t i a l ,  Uc,,~r = (V - 
ORr.)r t h e  t o t a l  c u r r e n t  d e n s i t y  is ze ro  (i.e, t h e  r a t e  of  
i r o n  o x i d a t i o n  is e q u a l  to  t h e  r a t e  of  o x y g e n  r e d u c t i o n )  
a n d  c o r r o s i o n  o c c u r s .  T h i s  c a n  b e  s e e n  in  Fig .  4 w h e r e  
t h e  i n d i v i d u a l  r e a c t i o n  c u r r e n t  d e n s i t y  c u r v e s  i n t e r sec t .  
A t  t h i s  p o i n t  t h e  c o r r o s i o n  c u r r e n t  d e n s i t y ,  ir is e q u a l  
to  t h e  i r o n  c u r r e n t  d e n s i t y ,  i1, a n d  t h e  n e g a t i v e  of  t h e  
o x y g e n  r e d u c t i o n  c u r r e n t  dens i t y ,  i2, a c c o r d i n g  to t h e  re- 
l a t i o n s h i p  

i ..... = L, = i2 [31] 

a n d  

iv = 0 = i1 + i2 [32] 

A c c o r d i n g  to Eq.  [32], t h e  s u m  of  t h e  r e a c t i o n  c u r r e n t  
d e n s i t i e s  g ives  t h e  t o t a l  c u r r e n t  d e n s i t y  w h i c h  w o u l d  b e  
t h a t  c u r r e n t  d e n s i t y  m e a s u r e d  in  a n  e x p e r i m e n t a l  cell. 

A t  t h e  i r on  r e a c t i o n  e q u i l i b r i u m ,  U~/F~+2 ( s h o w n  in  Fig.  
4 a n d  e q u a l  to  Ul,r~f) t h e  f o r w a r d  ra t e  of  i r on  o x i d a t i o n  is 
e q u a l  to  t h e  r e v e r s e  r a t e  of  i ron  r e d u c t i o n  a n d  is g i v e n  b y  
t h e  e x c h a n g e  c u r r e n t  dens i t y ,  iol.~f. T h i s  i m p l i e s  t h a t  t h e  
i r o n  r e a c t i o n  is in  e q u i l i b r i u m  a t  t h i s  p o t e n t i a l .  As  t h e  
p o t e n t i a l  (V - (Par) is i n c r e a s e d  c a t h o d i c a l l y  (i.e., n e g a -  
t i ve  d i r e c t i o n )  b e y o n d  t h e  i r o n  r e a c t i o n  e q u i l i b r i u m  po- 
t e n t i a l  t h e  r e a c t i o n  wi l l  b e g i n  to  o c c u r  in  r e v e r s e  a n d  
e l e c t r o d e p o s i t i o n  o f  i r on  wil l  occur .  O x y g e n  c o n t i n u e s  to 
b e  r e d u c e d  in  t h i s  r e g i o n  b u t  r e a c t s  a t  a c o n s t a n t  r a t e  
w h i c h  is l i m i t e d  b y  t h e  d i f f u s i o n  of  o x y g e n  f r o m  t h e  b u l k  
to t h e  e l e c t r o d e  p o r o u s  layer ,  i,~m.o2. S imi l a r ly ,  as t h e  po- 
t e n t i a l  is i n c r e a s e d  a n o d i c a l l y  (i.e., p o s i t i v e  d i r e c t i o n )  

15.0 . . . .  , . . . .  , . . . .  , . . . .  , . . . .  , . . . .  , . . . .  , . . . .  , . . . .  , . . . .  

I Fe - Fe+=+Ze - 

1 0 . 0  I 

~00 era-' 
5,0 2000 c m - ' - -  

~ 0.0 -- 

- 5 . 0  ~ . . . . . . . .  %hm.O=  . . . . . . . . . .  " 

- 10 .0  

02+2HzO+4e- ~ 4OH- 

- 15 .0  r ' ' ' ~ . . . .  I . . . .  ~ . . . .  I . . . .  ] , i , , 1 . . . .  * . . . .  & . . . .  I . . . .  
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Fig. 5. Current-potential behavior of an iron RDE with an iron porous 
layer on it. The electrolyte is 1.0M NoOH and the rotation speed is 
3600 rpm where 3PE = 0.005 cm. 
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Table Y. Corrosion results for on iron porous electrode 
of various porous compositions in 1.0, 0.1, and 

O.01M caustic solutions 

{corr 
CoH_.r,~f(mol/cm :~) a(crn-') 5,.r(cm) U~.o.(V) (mA/cm '~) 

1.0 x i0 -3 20 0.005 0.555 0.00779 
200 0.005 0.555 0.0763 

2000 0.005 0.558 0.624 
200 0.0005 0.555 0.00779 
200 0.001 0.555 0.0156 
200 0.01 0.557 0.144 

1.0 • I0 4 20 0.005 0.552 0.00885 
200 0.005 0.552 0.0870 

2000 0.005 0.556 0.737 

1.0 • 10 -~ 20 0.005 0.551 0.00897 
200 0.005 0.551 0.0881 

2000 0.005 0.554 0.747 

f r o m  t h e  c o r r o s i o n  p o t e n t i a l ,  i r o n  wi l l  d i s s o l v e  b u t  t h e  
o x y g e n  r e a c t i o n  wil l  b e g i n  to o c c u r  in  r e v e r s e  w h e r e  hy-  
d r o x i d e  ion  wil l  ox id i ze  to  o x y g e n  b e y o n d  t h e  o x y g e n  re- 
a c t i o n  e q u i l i b r i u m  p o t e n t i a l  ( no t  s h o w n  in  Fig.  4). T h e  
d e p a r t u r e  f r o m  l i n e a r i t y  for  t h e  c u r v e s  in  t h e  t op  p a r t  of  
Fig. 4 is d u e  to o h m i c  d r o p  (16). 

F i g u r e  5 s h o w s  a c o m p a r i s o n  o f  t h e  p r e d i c t e d  c u r r e n t -  
p o t e n t i a l  c u r v e s  for  p o r o u s  e l e c t r o d e s  of  v a r y i n g  a 
spec i f i c  s u r f a c e  a reas  in  1.0M NaOH.  H o l d i n g  t h e  p o r o u s  
l aye r  t h i c k n e s s  c o n s t a n t  a t  0.005 c m  as t h e  spec i f ic  a rea  is 
i n c r e a s e d  c a u s e s  a n o t i c e a b l e  i n c r e a s e  in  t h e  m a g n i t u d e  
o f  t h e  t o t a l  c u r r e n t  d e n s i t y  a n d  a l so  t h e  c o r r o s i o n  cur -  
r e n t  d e n s i t y  as s e e n  in  t h e  f i rs t  t h r e e  e n t r i e s  for  e a c h  
c a u s t i c  s o l u t i o n  c o n c e n t r a t i o n  in  T a b l e  V. T h i s  s e e m s  
r e a s o n a b l e  b e c a u s e  a l a r g e r  e l e c t r o d e  s u r f a c e  a r e a  is 
a v a i l a b l e  for  r e a c t i o n ,  a n d  t h e  s o l u b i l i t y  of  o x y g e n  in- 
c r e a s e s  w i t h  d e c r e a s i n g  N a O H  c o n c e n t r a t i o n  (17). 

A s i m i l a r  e f fec t  is s h o w n  in  Fig. 6 fo r  t h e  p o r o u s  l aye r  
t h i c k n e s s  ~PE- H o l d i n g  t h e  spec i f i c  a r e a  c o n s t a n t  a t  200 
c m - '  as t h e  p o r o u s  l aye r  t h i c k n e s s  is i n c r e a s e d  c a u s e s  a 
n o t i c e a b l e  i n c r e a s e  in  t h e  m a g n i t u d e  o f  t h e  t o t a l  c u r r e n t  
d e n s i t y  a n d  also t h e  c o r r o s i o n  c u r r e n t  d e n s i t y  as s h o w n  
in  t h e  l a s t  t h r e e  e n t r i e s  for  t h e  1.0M c a u s t i c  s o l u t i o n  in  
T a b l e  V. H o w e v e r ,  n o t e  t h a t  ove r  t h e  r a n g e  of  v a l u e s  pre-  
s e n t e d ,  c h a n g i n g  t h e  p o r o u s  l a y e r  t h i c k n e s s  d o e s  n o t  
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E 

10.0  
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Fi 9. 6. Effect of an iron porous layer thickness on a RDE. The electro- 
lyte is |.OM NaOH and the rotation speed is 3600 rpm where a = 200 
cm -I. 
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h a v e  a no t i c eab l e  e f fec t  on the  co r ros ion  po ten t i a l  (Table  
V), b u t  for a ve ry  th in  porous  layer  (0.0005 cm) the  l imit-  
ing  cu r r en t  dens i ty  dec rease s  (Fig. 6). 

T a b l e  V s u m m a r i z e s  t he  r e su l t s  for  t h e  i ron  c o r r o s i o n  
s tudy .  F o r  l a rge r  r e a c t i v e  su r f ace  a reas  as de f i ned  by  
l a rger  specif ic  su r face  area, a, and  inc rea sed  po rous  layer  
th i ckness ,  ~,E, h ighe r  ra tes  of  co r ros ion  are  seen  in each  
c o n c e n t r a t i o n  range .  The  c o r r o s i o n  p o t e n t i a l  appea r s  to 
be  e s sen t i a l ly  cons t an t  in the  c o n c e n t r a t i o n  ranges  stud- 
ied. T h e  e f fec t  of  caus t ic  c o n c e n t r a t i o n  on co r ros ion  ra te  
of  an  i ron  po rous  e l ec t rode  also appea r s  to be  neg l ig ib le .  

Conclusions 
The  m o d e l  p r e s e n t e d  here  cou ld  be  used  to d e t e r m i n e  

m a n y  of t he  phys i ca l  fea tures  of  in t e res t  w h e n  us ing  po- 
rous  e l e c t r o d e  layers.  In  par t icu lar ,  t he  t h i c k n e s s  of  a po- 
rous  layer  on a R D E  could  be  found  by us ing  the  m o d e l  
and  p a r a m e t e r  e s t i m a t i o n .  Th is  m a y  be  d e s i r a b l e  be- 
cause  it is d i f f icul t  to m e a s u r e  the  t h i c k n e s s  of  a porous  
layer  on a RDE.  This  t h i c k n e s s  cou ld  be  used  to p red ic t  
t he  a p p r o x i m a t e  l i f e t i m e  of  t h e  p o r o u s  l aye r  by a s sum-  
ing  tha t  t he  p r e d i c t e d  ini t ial  co r ros ion  rate  w o u l d  be  con- 
s tan t  ove r  the  l i f e t ime  of  the  layer.  This  m a y  be  par t icu-  
lar ly  use fu l  in indus t r i a l  app l i ca t ions  w h e r e  the  l i f e t ime  
of  a po rous  layer  m a y  be  an i m p o r t a n t  des ign  cons idera -  
t ion.  
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L I S T  OF S Y M B O L S  

0.51023 
e l e c t r o a c t i v e  spec i f ic  su r f ace  area  of  t h e  p o r o u s  
layer,  cm  -1 
local  v o l u m e  ave rage  cu r r en t  densi ty ,  A / c m  3 
c o n c e n t r a t i o n  of  spec ies  i, m o l / c m  3 
bu lk  so lu t ion  c o n c e n t r a t i o n  of  spec ies  i, m o l / c m  3 
da ta  so lu t ion  c o n c e n t r a t i o n  of  spec ies  i, m o l / c m  3 
r e f e r ence  c o n c e n t r a t i o n  of  spec ies  i, m o l / c m  a 
c o n c e n t r a t i o n  of  spec ies  i for  r e f e r ence  e l ec t rode  
reac t ion ,  m o l / c m  a 
d i f fus ion  coef f ic ien t  of  spec ies  i, cm2/s 
e f fec t ive  d i f fus ion  coef f ic ien t  of  spec ies  i in a po- 
rous  layer,  cm2/s 
F a r a d a y ' s  cons tan t ,  96,487 C/mol  
l i m i t i n g  c u r r e n t  d e n s i t y  for o x y g e n  r e d u c t i o n ,  
A / c m  2 
co r ros ion  cu r r en t  densi ty ,  A / c m  2 
a v e r a g e  supe r f i c i a l  c u r r e n t  d e n s i t y  due  to reac-  
t ion j ,  A / c m  2 
e x c h a n g e  c u r r e n t  d e n s i t y  at  su r f ace  c o n c e n t r a -  
t ions  for r eac t ion  j ,  A / c m  ~ 
e x c h a n g e  c u r r e n t  d e n s i t y  at da ta  c o n c e n t r a t i o n s  
for r eac t ion  j, A /cm 2 
e x c h a n g e  cu r r en t  dens i ty  at r e f e r ence  concen t ra -  
t ions  for r eac t ion  j ,  A / c m  2 
to ta l  cu r r en t  densi ty ,  A / c m  2 
local  cu r r en t  dens i ty  due  to r eac t ion  j ,  A / c m  2 
n u m b e r  of  e l ec t rons  t r ans fe r red  in r eac t ion  j 
n u m b e r  o f  e l ec t rons  t r ans fe r red  in r e f e r ence  elec-  
t r ode  r eac t ion  
f lux v e c t o r  of  spec ies  i, m o l / c m  2 �9 s. 
MacMul l in  n u m b e r  for t he  po rous  e l ec t rode  layer  
(=~le) 

Pi par t ia l  p r e s su re  of  spec ies  i at l i qu id -vapo r  in ter-  
face, a tm 

Pij anod ic  r eac t ion  o rde r  of  spec ies  i in r eac t ion  j 
q~j ca thod ic  r eac t ion  o rde r  of  spec ies  i in r eac t ion  j 
R un ive r sa l  gas cons tant ,  8.3143 J / m o l  �9 K 
R~ h o m o g e n e o u s  reac t ion  rate  of  spec ies  i, mol /  

cm :~ .s 

R'~ p s e u d o h o m o g e n e o u s  r e a c t i o n  ra te  of  spec i e s  i 
due  to e l e c t r o c h e m i c a l  r e a c t i o n s  w i t h i n  t he  po- 
rous  e l ec t rode  layer,  m o l / c m  3 �9 s 

slj s t o i ch iome t r i c  coef f ic ien t  of  spec ies  i in r eac t ion  j 
t t ime,  s 
T abso lu te  t e m p e r a t u r e ,  K 
ui mob i l i t y  of  spec ies  i, tool  - cm2/J - s 
Uc,,~r co r ros ion  potent ia l ,  V 
Uj.ref e q u i l i b r i u m  p o t e n t i a l  for  r e a c t i o n  j at t h e  refer -  

ence  c o n c e n t r a t i o n s  of  spec ies  i, V 
Uj ~ s t anda rd  e l ec t rode  po ten t i a l  for r eac t ion  j ,  V 
URE a s t a n d a r d  e l e c t r o d e  p o t e n t i a l  for  r e f e r e n c e  e lec-  

t r ode  react ion ,  V 
URE re fe rence  e l ec t rode  po ten t i a l  at r e f e r ence  concen-  

t ra t ions ,  V 
v e l ec t ro ly te  ve loc i ty  vector ,  cm/s  
v~ e lec t ro ly te  ve loc i ty  in the  n o r m a l  d i rec t ion ,  cm/s  
V po ten t i a l  of  the  porous  e lec t rode ,  V 
y n o r m a l  coord ina te ,  cm 
Y~E pos i t ion  of  porous  e l ec t rode -e l ec t ro ly t e  in te r face ,  

cm 
YRE pos i t ion  of  r e f e r ence  e lec t rode ,  cm  
z~ cha rge  n u m b e r  of  spec ies  i 

G r e e k  S y m b o l s  

~aJ anod ic  t r ans fe r  coef f ic ien t  for r eac t ion  j 
~.j ca thod ic  t rans fe r  coef f ic ien t  for r eac t ion  j 
~j e x p o n e n t  in t he  c o m p o s i t i o n  d e p e n d e n c e  of  t he  

e x c h a n g e  cu r r en t  dens i ty  
5pE po rous  e l ec t rode  layer  th ickness ,  cm  
e poros i ty  or vo id  v o l u m e  f rac t ion  
ec~ superf ic ia l  c o n c e n t r a t i o n  of  spec ies  i in a porous  

layer,  m o l / c m  3 
v k i n e m a t i c  v iscos i ty ,  cm2/s 
p,, pure  so lven t  densi ty ,  kg / cm 3 

to r tuos i ty  of  porous  mate r ia l  
q~ po ten t i a l  in solut ion,  V 
~PaE po ten t i a l  in bu lk  solu t ion ,  at YRE, V 

disk  ro ta t ion  ve loc i ty ,  rad/s 
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